Introduction
A second unresolved issue is whether agrin directly promotes pre-as well as postsynaptic differentiation.
Formation of chemical synapses requires a complex interchange of signals between the pre-and postsynaptic
In normal mice, motor axons leave the intramuscular nerve, induce postsynaptic sites, and differentiate there partners. At the skeletal neuromuscular junction (NMJ), where this interchange has been studied in detail, agrin into nerve terminals. In the agrn neo/neo mutants, in contrast, axons leaving the intramuscular nerve run long is a critical organizer of postsynaptic differentiation (reviewed by McMahan, 1990; Bowe and Fallon, 1995;  distances parallel to myotubes and form few terminal arbors. These abnormalities could be either direct or Sanes and Lichtman, 1999) . Agrin is a heparan sulfate proteoglycan that was purified on the basis of its ability indirect consequences of agrin deficiency. That is, in the absence of agrin, the postsynaptic apparatus might to cause aggregation (hence the name) of diffusely distributed acetylcholine receptors (AChRs) on the surface fail to synthesize or localize retrograde factors necessary to stop motor axonal growth and promote motor of cultured myotubes. Subsequent studies showed that agrin also induces the aggregation of numerous other nerve terminal differentiation. Alternatively, agrin itself proteins that are concentrated in the membrane, matrix, might inhibit growth or promote presynaptic differentiaand cytoskeleton of the postsynaptic apparatus. Agrin tion. In support of the second alternative, Campagna et synthesized by motoneurons is transported along their al. (1995, 1997) and Chang et al. (1997) have shown that axons and released into the synaptic cleft, where it berecombinant agrin can serve as a stop signal for motor comes stably associated with the basal lamina. Together, axons and can promote the clustering of synaptic vesithese observations led McMahan and colleagues (1992) cles within axons. Z ϩ agrin and Z Ϫ agrin affected neuto propose the "agrin hypothesis," which states that rites with equal potency in these experiments, sugagrin is a critical nerve-derived organizer of postsynapgesting that muscle as well as nerve agrin might affect tic differentiation. In support of this hypothesis, focal motor axons in vivo. In fact, it is even possible that expression of recombinant agrin in muscle fibers results postsynaptic defects in the mutant are secondary to in the assembly of a virtually complete but aneural postpresynaptic defects; if muscle agrin is essential for presynaptic apparatus (Cohen et postsynaptic differentiation. Although this scenario seems for neuromuscular synaptogenesis, and that agrin is likely to affect presynaptic differentiation indirectly, by way of its effect on the postsynaptic cell.
Results

Roles of Muscle Agrin Studied in Nerve-Muscle Cocultures
We assessed the role of muscle-derived agrin on synapse formation in cocultures of embryonic chick ciliary neurons and myotubes from control or agrn neo/neo mice. Myoblasts dissociated from the limb muscles of agrn ϩ/neo and agrn neo/neo littermates were cultured in rich medium. After myoblasts had fused to form myotubes, neurons dissociated from ciliary ganglia were added to the culture. Ciliary neurons were used in these studies for several reasons: they form cholinergic synapses on striated muscle in vivo yet are far easier to isolate and culture 2% of contacts were SV2-poor neuritic segments apsternomastoid muscles from agrn ϩ/neo or agrn neo/neo neonates into the necks of wild-type adult mice ( Figure 3A) . posed to an AChR-rich patch of myotube membrane, The host sternomastoid muscles were denervated and and at only 5% were SV2-rich varicosities apposed to excised, and the remaining nerve stump was affixed to an AChR-poor patch. Thus, in cocultures as in vivo, prethe graft with tissue glue. Immunocompatible hosts were and postsynaptic differentiation are coordinated. used to avoid the need for immunosuppression, and Well-differentiated contacts were also observed becontrol transplants were performed with transgenetween ciliary neurites and agrn neo/neo myotubes (Figures labeled hosts to rule out the possibility that host-derived 2D-2F). No differences in the morphology of contacts myoblasts populated the donor graft (see Experimental or in the incidence of differentiation were detected beProcedures). tween cultures prepared from control and agrn neo/neo mice Host axons entered wild-type grafts and formed NMJs ( Figure 2G ). Thus, lack of muscle-derived agrin does not on donor muscle fibers. By 1 month after transplantaimpair neuromuscular differentiation in vitro.
tion, each muscle fiber in the graft was innervated by a single motor axon terminal arbor rich in synaptic vesicles
Roles of Muscle Agrin Studied in Surgical Chimeras
(synaptophysin-positive; Figure 3D 1 ) that abutted an Synaptic contacts remain immature in nerve muscle coAChR-rich (rBTX-positive; Figure 3D 2 ) region of muscle cultures, so this system is unsuitable for assessing late membrane. The overall size of the NMJs in transplanted stages of synaptic differentiation. To ask whether muscle muscle fibers was smaller compared with normal adult NMJs, probably due to the fact that the grafted muscle agrin is required for synaptic maturation, we transplanted fibers did not lengthen at a normal rate and were therebranches arranged in an ellipse and precisely apposed to AChR-rich gutters ( Figure 3D3 ). The donor graft musfore smaller than their age-matched nontransplanted counterparts. However, the junctions appeared mature cle contracted briskly upon stimulation of the host nerve, indicating that these junctions were functional. In all of in that they consisted of multiple interconnected nerve these respects, NMJs formed between host motor axThe absence of the Z ϩ exons and the presence of common exons were confirmed by hybridization of the PCR ons and wild-type grafted muscle fibers resembled normal adult junctions ( Figure 3C ). It is important to note products with exon-specific probes ( Figure 4E ). Using similar methods, we assayed expression of the Y exon that at the time of transplantation, junctions in the graft were immature, with AChRs arranged in a diffuse plaque in the mutant. Most transcripts from agrn ⌬Z/⌬Z and control CNS tissue contained the Y exon, whereas most tranand each plaque innervated by multiple motor axons ( Figure 3B ). Thus, synapses made by host motor axons scripts from agrn ⌬Z/⌬Z and control muscles lacked this transcript ( Figure 4F ). Thus, even though all Z ϩ agrin is on graft muscle fibers underwent extensive growth and differentiation after grafting and were far more mature also Y ϩ in normal animals (Ruegg et in 8-month-old agrn ⌬Y/⌬Y mice to test the possibility that the Y exon or its ability to bind heparin is necessary for Immunohistochemical studies showed that the distribution of agrin in agrn ⌬Y/⌬Y muscle and kidney did not long-term maintenance of the synapse. However, agrin remained concentrated at synapses in mutants, and differ detectably from that in controls, and quantitative immunofluorescence measurements of anti-agrin stainedsynaptic structure remained normal ( Figures 7A-7D) . Second, we attempted to destabilize the postsynaptic sections showed that levels of agrin did not differ significantly between agrn ϩ/ϩ and agrn
⌬Y/⌬Y tissues (Figures membrane by denervation to test the possibility that the Y exon or its heparin-binding ability is necessary for 4G, 7B, and 7D; data not shown).
agrn ⌬Y/⌬Y mutants were viable, active, fertile, and extermaintenance of postsynaptic specializations in the absence of the nerve. However, agrin remained concennally normal. In mutants, as in control NMJs, differentiated nerve terminals directly apposed an AChR-rich trated in synaptic basal lamina, and AChRs remained concentrated in the postsynaptic membrane for up to postsynaptic membrane, and extensive histological analysis revealed no abnormalities either during early post-9 days after denervation ( Figures 7E and 7F) . Third, we assessed the reinnervation of muscle following nerve natal maturation or in adulthood (data not shown). We damage to test the possibility that the Y exon is essential for synaptic regeneration rather than development. However, reinnervation proceeded on schedule and normally in the absence of Y ϩ agrin (Figures 7G and 7H) . Finally, to reduce the dosage of agrin, we crossed agrn ⌬Y/⌬Y mice to mice lacking all forms of agrin and analyzed the transheterozygous offspring. Again, no abnormalities were found (Figures 7I and 7J ).
Discussion
We have used nerve-muscle cocultures, surgical chimeras, and two new agrin mutant alleles to assess the roles of several agrin isoforms and sources in the formation of the NMJ. We found that synaptic development is severely impaired in the absence of Z ϩ agrin, which is made by motoneurons but not by myotubes and Schwann cells. In contrast, apparently normal synapses form in the absence of muscle agrin. Taken together, these results provide strong genetic evidence for the hypothesis (McMahan, 1990) that agrin is a critical, nerve-derived organizer of synaptic differentiation. In addition, our results led to two less predictable conclusions. First, Z Ϫ , Y ϩ , and muscle-derived pools of agrin are dispensable for major steps in synaptic differentiation. Second, agrin promotes presynaptic differentiation by causing the postsynaptic apparatus to produce or localize retrograde signals other than agrin itself. of the agrn ⌬Z/⌬Z mutant, which lacked only Z ϩ agrin. We myotubes, which are rich in Z Ϫ agrin, fail to differentiate, reasoned that differences between the phenotypes of indicating that muscle agrin is not sufficient for presynthe two alleles would reveal roles of Z Ϫ agrin. However, aptic differentiation. Thus, either presynaptic differentiano differences were seen. Finally, we generated mutants tion is selectively induced by Z ϩ agrin, or the effects of that lacked Y agrin. In these mutants, agrin was presumagrin on neurites are secondary to Z ϩ agrin-dependent ably unable to bind to heparan sulfate side chains on postsynaptic differentiation. In that Z ϩ and Z Ϫ agrin are proteoglycans. However, levels of agrin in basal laminae equally adhesive for neurons and equally potent in inhibwere reduced only slightly if at all relative to controls, iting neurite outgrowth and promoting vesicle clustering and NMJs appeared normal both during development , is a hypomorph rather than a null; it mice lacking muscle-specific kinase (MuSK), the leading lacks Z ϩ agrin completely but produces low levels of candidate agrin receptor (DeChiara et al., 1996). These Z Ϫ agrin. Our analysis suggests that agrin levels in this mice exhibit both pre-and postsynaptic defects similar mutant are 10%-15% of those in controls. Therefore, to those in agrn neo/neo mice even though MuSK is not the possibility must be considered that the low levels expressed by neurons ( Figure 3A) . Cells from 10% horse serum, and 3% chick embryo extract. Three days after plating, 10 M cytosine arabinoside was added to suppress prolifertwo recombinant clones were transiently transfected with a Cre expression plasmid (provided by A. Nagy, University of Toronto) ation of undifferentiated cells. One day later, the medium was replaced by DMEM containing 5% horse serum and 3% chick embryo and plated at clonal density without antibiotic selection. Individual clones were picked and screened by PCR and Southern blotting for extract but no calf serum or cytosine arabanoside. Two days later, after myotubes had formed, neurons were dissociated from E10-E12 the removal of the neo r gene. For each of the original recombinant clones, ‫%01ف‬ of the transiently transfected clones were completely chick ciliary ganglia and plated on the myotubes. At this time, 1.5% chick eye extract was added to the medium. Three days later, rBTX lacking the neo r gene. One neo r excised line was expanded and injected into C57BL6 blastocysts, which were implanted into ICR was added for 1 hr to label AChRs, and the cultures were then fixed in 1% paraformaldehyde in phosphate-buffered saline (PBS). The proximal insertion of the graft was sutured by affixing the masmutant. All forms of agrin were depleted when the neo r gene was toid process of the temporal bone of the donor tissue to the host retained, whereas its excision with Cre-recombinase generated an animal's left digastric muscle with one suture. The host nerve stump allele in which Z ϩ agrin was selectively affected. Likewise, we found to the sternomastoid muscle was attached to the mastoid process of that all forms of agrin were depleted in mice bearing the agrn ⌬Y/⌬Y the temporal bone of the graft with tissue glue (Nexaband, Veterinary allele in which the neo r gene was retained (data not shown), whereas Products Laboratories). The wound was then sutured closed and Y ϩ agrin was selectively affected following excision of neor with the host animal returned to its cage for recovery. Innervation of Cre-recombinase. Thus, in both cases, insertion of neo r into the grafts by host axons was analyzed by staining with rBTX for AChRs agrin gene exerts a dramatic and general effect on transcription or and with antibodies to neurofilament and synaptophysin (see above) transcript stability. 2 weeks to 6 months following transplantation.
Three strains of mice were used as hosts for wild-type, mutant, Transcript Analysis and control transplants. F1 offspring of C57BL6 and 129SvJ parents Tissues were homogenized in guanidinium isothiocyanate using a were used for agrn neo/neo and control transplants. The mutants were Polytron, and total RNA was prepared (Chomczynski and Sacchi, generated from 129JES cells and maintained on a mixed C57BL6-1987). Aliquots of RNA (10 g) were then reverse transcribed with 129 background, so use of F1 hosts ensured immunocompability avian myeloblastosis virus reverse transcriptase with a mix of oligo and thus obviated the need for immunosuppression following transdT and random primers. This first strand cDNA was then used as plantation. ROSA-26, which express cytoplasmic ␤-galactosidase the template for PCR. Reaction products were separated on 2%-4% in their muscles (obtained from Jackson Laboratories) and RNZ agarose gels. In some cases, the products were then denatured mice, which express nuclear localized ␤-galactosidase in their musand blotted onto GeneScreen Plus membranes, and the blots were cles (Pin et al., 1997), were used as control hosts for wild-type grafts.
probed with 32 P-labeled oligonucleotides. In these controls, we asked whether any muscle fibers in the graft incorporated host-derived myoblasts, but found none. These con- 
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